In this paper, the bursting phenomenon in echo cancellation of telephone systems is investigated. The setup being studied here is an adaptive hybrid system with an echo canceller(EC) on the near-end and a fixed feedback on the far-end. Two effective approaches are proposed to ensure bursting does not happen . Both are based on checking the crosscorrelation between the input and the error of the echo canceller. Bursting is avoided by stopping the drifting of the coefficients of the adaptive filter. The effectiveness of these two approaches is illustrated by extensive computer simulations using realistic hybrids.
Introduction
The hybrid/echo canceller(EC) setup with a fixed hybrid and possibly an echo canceller on either or both ends is a typical system for two-to-four wire conversion. Generally, FIR adaptive filters are used to implement the echo canceller to avoid stability problems associated with adaptive IIR filters. However, stability is still a major concern in systems with back to back hybrids due to the feedback provided by far-end(FE) hybrids. Fig.1 shows such a system where the far-end hybrid is only a scalar. Bursting is one such instability phenomenon described by long periods of very good echo cancellation interrupted by short periods of large oscillating error. It was shown in [l] that repeated "bursting" is observed in the near-end(NE) echo canceller when the NE input, is a pure tone and the FE input is zero. In this situation, significant correlation exists between the error of NE echo canceller and the input to that echo canceller. Because of the correlation, the adaptive algorithm attempts to update the coefficients to reduce that error. To be able to cancel the NE correlated tone(doub1e talk), the update algorithm increases the coefficients of the EC significantly. It was shown in [l] that the EC coefficients increase in magnitude drifting away from the optimum while the filter error continues to decrease. Eventually, bursting happens when the high filter gain leads the poles of the closed loop system to cross the unit circle thus becoming temporarily unstable. The error then increases significantly thus providing a "better" input signal which stabilizes the overall system again. The whole process is repeated over and over until a FE rich signal is received or the NE tone stopped.
There have been several papers recently published addressing this bursting phenomenon [l] [2] [3] . Due to the complexity of the system, only first order cases with scalar feedback at the FE as shown in Fig.1 
Averaged Cross-Correlation( ACC)
As mentioned above, the basic reason for bursting is the high correlation between the signal z(k) and e(k) in Fig.1 . Thus, we will study the properties of the crosscorrelation in different operating conditions to identify any unique characteristics that exist in the drifting phase leading up to bursting. Once such characteristic is identified, it will be used to stop adaptation when improper inputs are detected. This approach is an adaptation of the double talk detector proposed in [3] . Its original idea is to use an e s timated crosscorrelation function -ACC as a criterion to distinguish between the double talk and echo path variation so that adaptation is prohibited during double talk but continued for echo path change. Here, we show that this ACC is also useful for separating tones and white noise. The averaged crosscorrelation(ACC) of the input and error of the EC is computed as:
where C;(k) is the cross-correlation coefficient between z ( k -i + 1) and e ( k ) , N is the number of taps of the adaptive filter, and k is the iteration number. The update of C,(k), i = 1,2,. . . , N is done using an exponential weighting recursive algorithm as following:
X is the exponential weighting factor which determines the time constant and estimation accuracy of the recursive estimation algorithm. X is suggested to be in the range of (0.9,1]. In our simulation, X is chosen as 0.95 for all cases. Different frequencies of sinusoids sampled at 8000 Hz are applied to the single adaptive system with feedback as shown in Fig.1 with different hybrid/EC combinations. It is found that no matter what the frequencies are and which combinationation of orders of the EC and the hybrid, ACC will always (except for the initial transient) be flat with the magnitude of more than 0.4(absolute value). Fig.2 shows the evolution of ACC for the case of applying 2000 Hz sinusoid to the system with the near-end echo path modelled as a 69-tap FIR filter, the AF with 16 taps( referred to as 69/16 later) and the far-end with feedback cy = 0.2.
Step size is set to p = l/lO(chosen larger to initiate bursting earlier). Bursting is observed after 16000 iterations. For the case of far-end tone, it is found that ACC is always below 0.3 and has no regular properties. White gaussian noise is also applied to the system from either near-end or far-end t o check characteristic of its ACC, it is found ACC in both cases still looks random. The magnitude of ACC will not surpass O.S(after convergence).
It is noticed that the characteristics of this ACC in the parameter drift phase(near-end tone) are very unique(flatness and with magnitude of larger than 0.4) and obviously different from the typical operation case(convergence to a new echo path response or regular double talk). This unique characteristic provides a simple test to determine if parameters are starting to drift. We can set a criterion to detect bursting as follows: when ACC is found consecutively larger than a threshold of 0.4 for a predetermined number of iterations(i.e. we chose 200 in our simulation), then it is decided that a tone is present at the near-end and adaptation should be stopped immediately. ACC is regularly computed and checked against the criterion specified. As soon as the input conditions return to the cross-correlation function charateristics will automatically reflect this change and the weights will be allowed to be adapted again. With this criterion, we cannot distinguish the near-end white noise or far-end noise or far-end tone, but none of these conditions will lead the system to burst, thus these are allowable conditions and adaptation proceeds as usual.
Simulation results are provided to verify the effectiveness of the proposed approach for bursting control. The system structure used for Fig.2 is used again. A 2000 Hz tone is first applied to the near-end, after 20000 iterations, the tone stops and a white noise from the far-end is applied, step size is still chosen as 1/10. Fig.3 shows ACC with the above criterion applied to the previous bursting case of Fig.2 . No bursting is observed. It is noticed this ACC criterion is quite effective and stopped the adaptation when it is determined that a large cross correlation ACC exists for at least 200 iterations.
The price paid is an increase in the overall system complexity due to the computation of Eqs.1-5. Thus, simplifying the computational requirements while maintainning the same performance becomes our main objective. In the next section, we will propose a simplification to this algorithm that still allows us to stop bursting while requiring significantly less computat ion.
Direct Calculation of the CrossCorrelation Pei
Note that Pei , the parameter which relates z ( k -i + 1) and e ( k ) , is the most important part for calculating ACC. Its comparison with the power Pe(k) and Pi(k) leads to the normalized coefficient Ci(k). The normalization procedure makes the values of ACC indepedent of the magnitude of the input signal. As a result of the complexity of the calculation for ACC in each iteration, the logical question becomes whether it is possible to use only Pei as the criterion because it calculates the cross correlation between z ( k -i+ 1) and e ( k ) , though not normalized. Furthermore, in Eq.(4), for different i, recursive algorithm Pe; is the same except the term z ( k -i + 1) is different. Thus, it is expected that basic features of Pel(k) and Pei(k)(i # 1) will not be very different. If that is true, then using one or two specific
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Pe, may provide us with the same information. Based on this analysis, the following part will study the special features of Pei.
First, we will consider Pel, i.e. the correlation between the current z(k) and e ( k ) . For the system in Fig.1 , if a tone is injected from the far-end, Pel will eventually decay to zero and fluctuate with a very small magnitude range around zero. While if the tone is inserted from the near-end, for most of the input frequencies, Pel(k) will always keep the same sign(either positive or negative) and converge to the zero line, i.e., its magnitude continually decreases. This can be seen in Fig.4 with 500 Hz Pel as dashed line and 3000 Hz Pel as solid line. Obviously, there must exist certain frequencies around which the Pel changed from positive to negative. Through simulations, this frequency is found to be around 2000 Hz. When the white noise is applied to either near-end or far-end, Pel(k) will always be fluctuating around zero, the only difference beftween these two is the first has a much larger magnitude than the second. Because P,l(IC) could crossover the zero line around 2000 Hz, using Pel(k)'s keeping the same sign as the only criterion to distinguish the tone and the white noise is not possible. Thus, the calculation of another parameter Pei(IC)(i # 1) is considered. S u p pose i = N is used, the characteristic of P e~( k ) will be similar to that of Pel(k), the only difference is the frequency at which P e~( k ) crosses the zero line will be different from that of Pel (IC).
With the above analysis, a criterion using P,, to detect bursting is proposed: as long as at least one of the pair (Pe,(k), Pej(k),z # j ) keeps the same sign for a predermined number of iterations(we still use 200 in our simulation), it is determined that there is a tone at the near-end, then adaptation should be stopped .
Since Pei(k) and Pej(k) are regularily calcualted and checked, when normal input conditions return, adaptation is resumed. Since a tone from the far-end will make Pei(k) fluctuate around zero, the detection algorithm may assume the presence of far-end white noise or near-end white noise and continue to do the adaptation. This is acceptable since the tone from the farend will not lead to bursting. The selection of the Pei terms to be calculated has to be done carefully. Extensive simulations were carried out to ensure that for the selected pair, there will always be at least one Pe, that will remain the same sign. while Pe16(k) always keeps the same sign, thus, it is guaranteed that the near-end tone can be detected.
n o m Figs.3, 5 and 6, it is clear that ACC and P,, approaches achieve our objective of bursting control. They are successful and feasible to be used in the practical hybrids as shown in the simulation results , thus are superior to the methods mentioned in [2] [3] where the analysis is restricted to the very low-order hybrids only. P& approach requires significantly less complexity than the ACC approach, but would require careful selection of the Pet terms to be used as indicators of the drifting phase.
Conclusion
The bursting problem in practical hybrid/EC setup is studied. Two approaches are proposed to ensure elimination of bursting. The complexity of these approaches is addressed. Extensive simulations have been carried out to verify the performance of the proposed approaches. It is shown that bursting is stopped by freezing the coefficients early in the drift phase with regular operation resumed as soon as input conditions return to normal.
